Introduction {#S1}
============

Tuberculosis (TB), caused by the bacterial pathogen *Mycobacterium tuberculosis* (MTB)*,* remains a major global health problem responsible for 1.5 million deaths annually^[@R1]^. When the pathogen seeds the lung, both bacterial and host factors induce tissue remodeling, creating chronic inflammatory lesions known as granulomas^[@R2],[@R3]^.

Initially, granulomas are formed as aggregates of innate immune cells that are recruited to the site of infection. These include macrophages that later differentiate into specialized cell types, including multinucleated giant cells and epithelioid macrophages. Upon the development of adaptive immunity, granulomas acquire a more intact structure with the macrophage-rich center surrounded by T cells and B cells resulting in a lymphocytic cuff at the periphery of the structures ^[@R4]--[@R8]^. With time, however, some granulomas can undergo complex remodeling characterized by the accumulation of necrotic material that leads to the formation of caseum at the center. The caseum may undergo liquefaction resulting in cavitation -- the destructive fusion of a liquefying granuloma with an adjacent airway --, which facilitates bacterial dissemination^[@R9]--[@R12]^. It is still poorly understood whether tuberculous granulomas represent a host strategy for bacterial control or dynamic immune structures that facilitate bacterial transmission, or both^[@R7],[@R8],[@R13],[@R14]^.

Although the histology of this progression of granulomas has been well characterized, the molecular and inflammatory signatures that accompany granuloma progression have been poorly described. The granuloma is a functional paradox: it reflects an impressive deployment of immune cells that serves to contain the invading pathogen but it often fails to eradicate the persistent organisms. If containment fails completely, it serves as a shell within which bacilli find nutrients and protection to replicate without restriction^[@R15][@R16]^. Recent data in human disease and primate models show that infected individuals have a heterogeneous mixture of granulomas that may vary greatly in the degree of immune activation and presumed bacterial control^[@R17]^. Thus, it is increasingly recognized that the fate of a few granulomas contributes to the majority of clinical morbidity^[@R10],[@R18],[@R19]^. These data suggest that important disease-driving processes are compartmentalized within individual granulomas and that variations within and among these structures are associated with disease control and progression.

To understand granuloma formation and progression in higher resolution and in an unbiased fashion, we employed approaches to assess the distribution of molecules in different types of granulomas as well as in different cell types. By combining laser micro-dissection, mass spectrometry and confocal microscopy, we have analyzed the abundance of proteins and lipids during the different stages of granuloma with exquisite anatomical localization giving us a molecular map of the human granuloma. We found that pro-inflammatory enzymes that generate lipid-based inflammatory factors, such as eicosanoids, were enriched in both the necrotic centers as well as the cells that immediately border the caseum. Animal models have highlighted that both insufficient inflammation and excessive inflammation can each promote progression of mycobacterial disease^[@R20]--[@R24]^. In humans, we find that both types of signaling occur simultaneously but are in anatomic distinct compartments within the granuloma. Our results suggest unique molecular signatures between different kinds of compartments within granulomas. We propose that this local balance between anti- and pro-inflammatory lipid mediators affects the capacity of the host to resolve or isolate the pathogen during infection in the lung.

Results {#S2}
=======

The proteomic architecture of human TB granulomas {#S3}
-------------------------------------------------

We sought to identify candidate proteins that were differentially distributed in anatomically distinct compartments in the tuberculous lung. To do this, we isolated human granulomas from HIV- subjects undergoing pneumonectomy for multi-drug resistant TB ([Supplemental Table 1a](#SD1){ref-type="supplementary-material"}). Using lung samples from several individuals as well as granulomas from the same lung in different stages of differentiation, we classified these lesions according to histology as solid granulomas that lacked necrosis, caseous granulomas, and cavitary granulomas ([Figure 1a](#F1){ref-type="fig"} **and** [Supplemental Table 1b](#SD1){ref-type="supplementary-material"}). We selected one representative lesion of each type for whole proteome analysis. For each granuloma, we used laser-guided microdissection to separate histologically distinct areas, which allowed us to define the proteome of five separate granuloma regions. These included the interior of a solid granuloma, the cellular borders of the caseous and cavitary granulomas, as well as the necrotic caseum of the caseous and cavitary granulomas ([Supplemental Figure 1a](#SD1){ref-type="supplementary-material"}).

We analyzed the five proteomes using quantitative mass spectrometry and label-free protein quantification to compare the relative abundance of proteins ([Figure 1b](#F1){ref-type="fig"}). Combined analysis of all microdissected granuloma regions identified more than 30,000 sequence unique tryptic peptides, which assembled into 4,406 proteins ([Supplemental Table 2](#SD1){ref-type="supplementary-material"}). This corresponds to an average of 3,774 different proteins in each of these samples, of which more than 3,500 proteins were identified in at least four of the five samples ([Figure 1c](#F1){ref-type="fig"}, [Supplemental Figure 1b](#SD1){ref-type="supplementary-material"}, [Supplemental Figure 2a and 2b](#SD1){ref-type="supplementary-material"}). We used these data to create a spatially resolved map of protein expression in human granulomas.

Higher proteomic diversity within than between granulomas {#S4}
---------------------------------------------------------

We hypothesized that, as granulomas progress through stages, we would find marked proteomic similarities between different types of granulomas. Surprisingly, our most striking finding was that there was far more variation within granulomas than between granuloma subtypes. Using unsupervised hierarchical clustering, we found that the cellular regions of granulomas, regardless of the type of lesion from which they were excised, clustered together, as did the caseous regions ([Figure 2a](#F2){ref-type="fig"} and [Supplemental Figure 2a](#SD1){ref-type="supplementary-material"}). Principal component analysis revealed a similar grouping ([Figure 2b](#F2){ref-type="fig"}).

Inflammatory signaling distinguishes caseum from cellular rim {#S5}
-------------------------------------------------------------

To determine the biological processes that separate the caseum from the cellular periphery, we searched for Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched in the necrotic caseum. The functional protein groups most associated with the caseum included inflammatory and anti-microbial processes ([Figure 2c](#F2){ref-type="fig"}). Known anti-mycobacterial effectors such as the anti-microbial peptide cathelicidin, activators of reactive oxygen species, and anti-microbial effectors downstream of TNF and IFN signaling localized to the caseum ([Figure 2d](#F2){ref-type="fig"} [Supplemental Figure 2c](#SD1){ref-type="supplementary-material"}, [Supplemental Table 3](#SD1){ref-type="supplementary-material"}). Notably, proteins involved in the production of pro-inflammatory eicosanoids were also more abundant in the caseum. ([Figure 2e](#F2){ref-type="fig"}). The cellular periphery of the granuloma was enriched for processes involved in protein synthesis, including ribosomal and endoplasmic reticulum proteins ([Supplemental Table 3](#SD1){ref-type="supplementary-material"}). This is consistent with the histological appearance of the periphery, which contains intact cells that we expected to be highly metabolically active. Collectively, these findings are consistent with a pro-inflammatory signature within the caseum. While it contains little synthetic activity, the caseum is filled with anti-microbial effectors that suggest remnants of a robust immune response against the pathogen.

Arachidonic acid is released throughout the granuloma {#S6}
-----------------------------------------------------

Our proteomics data suggests a role for the proteins that metabolize arachidonic acid, including ALOX5, ALOX5AP and LTA4H ([Figure 2e](#F2){ref-type="fig"}). These proteins were more enriched in the caseum suggesting that eicosanoids, products of arachidonic acid and key mediators of inflammation during TB infection, could play an important role ([Supplemental Figure 3a](#SD1){ref-type="supplementary-material"}). Within the proteome we found an abundance of phospholipase A2 activating protein, which activates enzymes involved in synthesizing the eicosanoid precursor arachidonic acid (AA) ([Supplemental Figure 3b](#SD1){ref-type="supplementary-material"}). We were unable to detect all of the phospholipases involved in eicosanoid production using MS-MS. Thus, we used immunohistochemistry and confocal microscopy to localize multiple phospholipases involved in the production of AA-containing lysophospholipids. We found that most were diffusely expressed throughout the granulomas ([Supplemental Figure 3c](#SD1){ref-type="supplementary-material"}).

Though the presence of detectable biosynthetic enzymes suggests that their end products likely accumulate, the abundance of enzymes and their products might not correlate since enzyme activity is regulated in multiple ways. To test this, we directly measured the abundance of AA using MALDI-MS imaging ([Figure 3a](#F3){ref-type="fig"}). We imaged both AA and AA precursors in human cellular, caseous and cavitary granulomas ([Supplemental Table 1c](#SD1){ref-type="supplementary-material"}), and found their abundance pattern to mirror the expression of the proteins that metabolize AA as determined by proteomics analysis. While little AA was detected in normal lung tissue, AA synthesis occurs throughout the granuloma, with enrichment at the borders of the caseum ([Figure 3b](#F3){ref-type="fig"}). Notably, MALDI-MS imaging of tissues from rabbit solid and caseous tissues revealed similar patterns of AA distributions as those in human granulomas ([Figure 3c](#F3){ref-type="fig"}).

Caseous foci contain high amounts of inflammatory eicosanoids {#S7}
-------------------------------------------------------------

AA is the key synthetic precursor for eicosanoids but much previous work suggests that AA can enter either pro-inflammatory or anti-inflammatory pathways ^[@R25],[@R26]^([Figure 4a](#F4){ref-type="fig"}). Since our proteomic analysis demonstrated a predominant inflammatory signature at the necrotic center of granulomas, we reasoned that while AA was diffusely present, it would preferentially be utilized for generation of pro-inflammatory eicosanoids near the center of granulomas. Leukotriene-A4 Hydrolase (LTA4H) synthesizes leukotriene B4 (LTB4), a pro-inflammatory eicosanoid that has been associated with production of TNF-α. TNF-α is a key component of early host control of bacterial growth^[@R27]--[@R29]^, but its excess has also been implicated in tuberculosis immunopathogenesis in zebrafish and humans^[@R21],[@R30]^. By MS proteomics, we found that LTA4H was highly abundant in the caseum, along with enzymes necessary for synthesizing other leukotriene precursors ([Figure 2E](#F2){ref-type="fig"}). By immunohistochemistry, we also found LTA4H within caseum and the caseous margins of cavitary lesions ([Figure 4b](#F4){ref-type="fig"} and [Supplemental Figure 4](#SD1){ref-type="supplementary-material"}). Notably, there was little staining in the solid granuloma, consistent with low representation of a pro-inflammatory proteome signature in this granuloma ([Figure 4b, 4c](#F4){ref-type="fig"}).

LTA4H was also expressed in the cellular borders of the caseous and cavitary granulomas, though in a very specific pattern. We found that LTA4H was most abundant in cells immediately adjacent to the caseum, and that expression decreased as a function of distance from the necrotic center ([Figure 4b, 4d](#F4){ref-type="fig"}). This region is largely composed of macrophages. Unnecessary. Please delete if you have not directly shown this. We identified the various morphologic subtypes to determine which cells were responsible for LTA4H expression at the cellular border of the caseum. We found that giant cells expressed high levels of the enzyme ([Figure 4e](#F4){ref-type="fig"}). In the solid granuloma, which contained very little LTA4H overall, the only expression was found in a small cluster of giant cells at the periphery of the granuloma ([Figure 4b, 4e](#F4){ref-type="fig"}). Using a macrophage specific surface marker, we also found finger-like projections of macrophages into the necrotic caseum. Interestingly, these macrophage projections also highly co-localized with LTA4H ([Figure 4e](#F4){ref-type="fig"}). This suggests that morphologically distinct macrophage populations near the necrotic border may control the gradient of LTA4H expression and help generate a highly inflammatory milieu contained at the center of the granuloma. (Refer to Methods (Immunohistochemistry section), where we explain how different regions were delineated).

In zebrafish TB models, excess LTA4H has been shown to promote macrophage necrosis through the induction of TNF-α production^[@R21]^. We reasoned that this pro-inflammatory cytokine would be more abundant and, likely, co-localize with LTA4H in the regions where granulomas are necrotizing. Indeed, our immunohistochemistry showed that TNF-α was relatively less abundant in solid granulomas ([Figure 5a](#F5){ref-type="fig"}), but more abundant in the necrotic margins of caseous and cavitary granulomas ([Figure 5b, 5c](#F5){ref-type="fig"}, and [Supplemental Figure 5a](#SD1){ref-type="supplementary-material"}). Interestingly, TNF-α staining revealed distributions similar to LTA4H, with a co-localization of \~85.3%. We also found that the co-localization of LTA4H and TNF-α was recapitulated in rabbit solid and caseous lesions ([Figure 5d](#F5){ref-type="fig"}, [Supplemental Figure 5b](#SD1){ref-type="supplementary-material"}). These results suggest that the spatial LTA4H-mediated pro-inflammatory responses are associated with TNF-α production.

Cellular rims and solid lesions exhibit an anti-inflammatory signature {#S8}
----------------------------------------------------------------------

In contrast to the centers of necrotic granulomas, cells found at the periphery of granulomas contained a more anti-inflammatory proteomic signature. Specifically, anti-inflammatory regulators and reducing agents were enriched in the granuloma periphery ([Figure 2d](#F2){ref-type="fig"}). In the eicosanoid pathway, prostanoid synthesis moderates inflammation in TB lesions ^[@R21],[@R22],[@R24]^ ([Figure 6a](#F6){ref-type="fig"}). We observed that enzymes responsible for prostanoid synthesis, namely cyclo-oxygenase 1 and 2 (COX1/2), were enriched in the solid granuloma, consistent with the overall less inflammatory signature of that granuloma ([Figure 6b](#F6){ref-type="fig"}). The distribution of proteins was similar to the distribution of products, as measurement of prostanoid concentrations by HPLC coupled to tandem mass spectrometry showed that they, too, were more abundant in cellular layers ([Figure 6c](#F6){ref-type="fig"}, [Supplemental Figure 6a](#SD1){ref-type="supplementary-material"}).

In cavitary and caseous granulomas we found that both COX1 and COX2 were diffusely expressed in the cellular layers but largely absent in the necrotic caseum ([Figure 6d, 6e](#F6){ref-type="fig"}, [Supplemental Figure 6b](#SD1){ref-type="supplementary-material"}). This contrasts with the pattern of LTA4H abundance. Additionally, while LTA4H was specifically expressed by macrophage subsets, we found COX1/2 expression in both macrophages and fibroblasts ([Figure 6f](#F6){ref-type="fig"}). In rabbit tissues, we found that COX1/2 was more abundant in cellular regions and less in the necrotic caseum, recapitulating the observations in human lesions ([Figure 6g, 6h](#F6){ref-type="fig"} and [Supplemental Figure 6d](#SD1){ref-type="supplementary-material"}), in contrast to TNF-α and LTA4H ([Supplemental Figure 6c](#SD1){ref-type="supplementary-material"}). Thus, the relative abundance of various eicosanoids (leukotrienes) suggests a highly pro-inflammatory center of the granuloma surrounded by a cuff of molecules that moderate inflammation, including some prostanoids of the COX1/2 pathways.

Discussion {#S9}
==========

The host's ability to effectively respond to infection by MTB is perhaps the most crucial determinant of disease outcome. Numerous investigations have highlighted the various axes, both genetic and temporal, that tip the scale in favor of either host or pathogen^[@R21]^. Genetically, mutations in the leukotriene A4 hydrolase gene that results in reduced levels of the pro-inflammatory eicosanoid LTB4 led to increased mortality in zebrafish^[@R21],[@R31]^. Temporally, TNF dually mediates resistance and susceptibility to mycobacteria by promoting the production of reactive oxygen species (ROS) by infected macrophages in granulomas. While ROS have an antimicrobial effect, they ultimately promote necrosis of immune cells and growth of bacteria^[@R30]^.

Here, we find that the spatial organization of pro- and anti-inflammatory mediators defines a third critical axis. Critical effector molecules that serve as mediators of inflammation are specifically localized at sites of MTB infection. The abundance of LTA4H, alongside the pro-inflammatory cytokine TNF-α, were highest in the necrotic centers of granulomas, as were ROS mediators and antimicrobial effectors such as cathelicidin. Conversely, prostanoids and their biosynthetic machinery, the cyclooxygenases ^[@R25],[@R26][@R20],[@R22]^, were most concentrated around areas of necrosis. These data need to be interpreted in a clinical context. All granulomas were obtained from individuals that underwent pneumonectomy because of severe TB, and hence have extensive tissue damage. Also, neither the age of each lesion nor its ultimate fate is known. Despite these limitations, the spatial distribution and organization of the molecules we identified suggest that the inflammatory and antimicrobial effects known to be required to combat infection, but are potentially destructive to host tissues, are contained, and possibly restrained, by a ring of anti-inflammatory activity. We hypothesize that this anatomical organization promotes antibacterial activity while limiting tissue destruction.

One limitation of our study is the small number of subjects and individual lesions we could examine. Moreover, all of these patients had pulmonary resections for TB infections that could not be controlled with medical management alone and, therefore, likely represent the most severe end of the spectrum of pulmonary TB. However, our findings are likely to be broadly representative. We find that even the evolutionarily distant rabbit model reveals a similar granuloma microarchitecture.

A number of computational models of TB granulomas have explored the dynamics of pro- and anti-inflammatory cytokines across spatial and temporal axes^[@R32]--[@R34]^. At a cellular scale, TNF-α is thought to play a role in the activation of resting macrophages and inhibition of bacterial dissemination. However, hyper-inflammation associated with this cytokine may lead to cell death and lung tissue damage^[@R21],[@R32]^. IL-10 might play a role in controlling the trade-off between the anti-microbial activity and host-derived tissue caseation^[@R33],[@R34]^. Other studies, involving animal models and human blood signatures, have demonstrated that a cross-regulatory network of eicosanoids and cytokines may operate during infection to provide optimal protection ^[@R20],[@R35]^. In humans, our data suggest that pathways that mediate the spatial balance of inflammation play a similar role in limiting the degree of immunopathology. We suggest that a causal link between the outcome of infection and the signaling molecules mapped in this study is likely, and that modeling must take the spatial organization of host responses into account to guide the development of host-directed therapies that maintain effective pro- and anti-inflammatory levels.

Obtaining such a window into the local interplay of mediators during infection has been limited so far by methodological challenges. Traditionally, the structure of the human granuloma has been interrogated using cell-based histological markers and immunohistochemistry that identify a narrow array of cellular proteins^[@R4],[@R5]^. Newer, unbiased methods, such as quantitative mass spectrometry to identify and image the distribution of lipid and proteins present within a granuloma, can both increase the resolution and the depth of histological analysis ^[@R36][@R37],[@R38]^. These provide information about cell types that are present and also about their metabolic states. Here, we identified over 3000 proteins; the number of lipid species that can be identified is limited only by their abundance and the availability of standards. The organization of inflammatory mediators shows how unbiased molecular tools can uncover new biological principles.

Taken together, our human and rabbit findings suggest that the ability of the host to contain MTB and restrict host damage is a localized phenomenon at the level of individual granulomas. Certainly, marked differences in bacterial burden and immune activation exist between granulomas even within one host^[@R19],[@R39]^. TB is not a monomorphic disease; instead, it proceeds differently in each individual lesion. Host-directed therapies such as ALOX-5 inhibitors, LTB4 receptor antagonists and some corticosteroids, that push the pro- and anti-inflammatory balance in one direction or another, provide an attractive model for therapies that limit host damage and assist in controlling infection ^[@R20]--[@R24],[@R40]^. While our results require confirmation in larger sample sets, the data suggest that the real balance occurs locally and that systemic interventions could be quite complex.
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![High resolution mass-spectrometry profiling of granuloma composition\
(**a**) The three types of granulomas sampled in the study: solid, caseous and cavitary granulomas, scale bar = 1 mm. (**b**) Experimental workflow: laser capture micro-dissection was used to dissect, process and analyze multiple samples (n = 50 to 100, depending on the lesion compartment) in the caseous and cellular regions of each granuloma type. Dissected samples from each of the 5 regions were pooled and engaged in proteome-wide LC/MS-MS analysis. (**c**) A total of 4,406 proteins were identified across all granulomas and an average of \~95% protein identifications were shared between at least two proteomes. Five regions were sampled in three granuloma types from three different subjects. The proteomics data have been deposited to the ProteomeXchange Consortium (<http://proteomecentral.proteomexchange.org>) via the PRIDE partner repository with the dataset identifier PXD003646](nihms763944f1){#F1}

![Quantitative proteome analysis reveals spatially distinct protein signatures in granuloma\
(**a**) Hierarchical clustering analysis of 2,529 LFQ-protein intensities (log~2~) that were quantified in at least two of the five granuloma proteomes and showed at least a 1.5-fold difference in their abundance between at least two granuloma regions. Heatmap of z score- and log~2~-transformed LFQ protein intensities where proteins and granuloma regions were grouped using unsupervised hierarchical clustering. (**b**) Principal component analysis (PCA) separates necrotic caseum (orange circles) from cellular components (green squares) of granuloma. The first two components, which account for 52% and 26.5% of data variability from all granuloma regions, are shown. (**c**) Annotation terms (KEGG, GO, CORUM) of proteins significantly different along component 1 that separates necrotic caseum from cellular components. The scatter plot depicts the difference score of these terms versus the −log~10~-transformed *P* value. Annotation terms most associated with the necrotic caseum (orange circles) and cellular components (green circles) of granuloma are color coded. (**d**) Unsupervised hierarchical clustering based heat map of z score- and log~2~- transformed LFQ protein intensities for the indicated example pro-inflammatory proteins (labelled in orange font) and anti-inflammatory proteins (labelled in green). (**e**) Proteomic profiling of the leukotriene and lipoxin synthetic pathway. For statistical analyses, we tested and computed the difference between medians of the two following groups: proteins corresponding to an annotation category versus all proteins in the dataset. We did this for every annotation term using two-sided Wilcoxon-Mann-Whitney test where the multiple hypothesis testing is adjusted by applying a Benjamini-Hochberg FDR threshold of 0.05.](nihms763944f2){#F2}

![The eicosanoid precursor arachidonic acid (AA) is abundant and synthesized diffusely within all granulomas\
(**a**) Workfhow of MALDI MS imaging and quantitation by LC/MS of membrane phospholipids and AA in dissected lesions. (**b**) MALDI MS imaging of AA-containing lipids and AA in human tissues. Three cavities and three caseous granulomas from six different subjects were imaged, and one representative lesion of each type is shown. (**c**) MALDI MS imaging of AA-containing lipids in rabbit tissues. Two solid and two caseous granulomas from four rabbits were imaged, and one representative lesion of each type is shown. Scale bar = 5 mm. Color bars show the image intensity ranging from blue (lowest) to red (highest).](nihms763944f3){#F3}

![Leukotriene biosynthesis is enriched at in the caseum and the cellular layer directly adjacent to the caseum\
(**a**) AA is the precursor for pro-inflammatory leukotrienes (left) or less inflammatory prostanoids (right). (**b**) H&E (upper left) and IHC staining of LTA4H (green), nuclei using DAPI (blue), and macrophages using IBA1 (cyan). (**c**) Average quantitation of LTA4H fluorescence in granulomas (n = 5). (**d**) Quantitation of LTA4H fluorescence as a function of distance from the macrophage border. (**e**) Relative intensity of LTA4H fluorescence in cellular subtypes within a typical caseous granuloma. Refer to Methods (Immunohistochemistry section) for explanations on how regions were delineated. All scale bars represent 350 um. For quantification of fluorescence average intensities in IHC images (n = 22), a student's t-test was performed for single comparisons. For multiple comparisons, mean differences were tested by non-parametric Kruskal-Wallis analysis and adjusted by use of the Bonferoni-Dunn correction. *P* values of \<0.05 were considered significant.](nihms763944f4){#F4}

![TNF-α and LTA4H are more abundant in the caseum and its margins\
(**a**) IHC staining for TNF-α (red), LTA4H (green), nuclei using DAPI (blue), and macrophages using IBA1 (cyan) in a solid granuloma (n = 1). (**b**) IHC staining of one representative caseous granuloma (n=4). (**c**) IHC staining of one representative cavitary granuloma (n= 3). (**d**) IHC staining for TNF-α (red), LTA4H (green), nuclei using DAPI (blue), and macrophages using IBA1 (cyan) of a representative rabbit caseous granuloma (n = 2). All scale bars represent 350 um.](nihms763944f5){#F5}

![COX1/2 are diffusely expressed throughout all granuloma regions\
(**a**) COX1/2 are the key enzymes in prostanoid synthesis from AA. (**b**) Average quantitation of COX1/2 fluorescence in granulomas (n = 5). (**c**) Lipid quantitation for 6-keto-PGF1-**α,** a prostanoid, in the cellular regions of granulomas, mirroring COX1 and COX2 distribution (n = 5). For quantification of fluorescence average intensities in IHC images and for lipid quantification, a student's t-test was performed for single comparisons. For multiple comparisons, mean differences were tested by non-parametric Kruskal-Wallis analysis and adjusted by use of the Bonferoni-Dunn correction. \* indicates a *P* value \< 0.05 and \*\* indicate a *P* value \< 0.01. (**d**) H&E (upper left) and IHC staining of COX1 (left) and COX2 (right) in green fluorescence, DAPI (blue) and IBA1 (cyan). (**e**) Quantitation of COX1 and COX2 fluorescence as a function of distance from the macrophage border. (**f**) COX1 and COX2 average fluorescence intensity in cellular subtypes within granulomas (n = 7). (**g**) IHC staining of COX1 in cellular and necrotic regions of a rabbit caseous granuloma. TNF-α (red), COX1 (green), nuclei using DAPI (blue), and macrophages using IBA1 (cyan). (**h**) H&E and IHC staining of COX1 in cellular regions of a rabbit solid granuloma. TNF-α (red), COX1 (green), nuclei using DAPI (blue), and macrophages using IBA1 (cyan). All scale bars represent 350 um.](nihms763944f6){#F6}
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